a This paper reports the successful synthesis of bimetallic sulfide ZnMoS 4 (ZMS) using a solvothermal method. The structural and morphological properties of ZMS were identified using several characterization methodologies. ZMS material was produced in a sheet-like morphology with a mesoporous structure and its supercapacitive performance was examined. CV and GCD measurements confirmed that ZMS is capable of storing electrical energy showing a battery-like behavior which is expected to proceed via K + ion intercalation/ de-intercalation within the layered matrix of ZMS. Upon raising the current density from 0.7 to 10 A g
Introduction
Recently, finding green alternative sources for fossil fuels has become a main concern worldwide. This is because of the catastrophic impacts of excessively emitted greenhouse gases, especially CO 2 , which are released from the combustion of fossil fuels and contribute significantly to global warming and climatic change. [1] [2] [3] [4] So, today's world needs new approaches for achieving a green and sustainable future with respect to both energy storage and conversion, such as solar energy, fuel cells, water splitting and supercapacitors. 5 Supercapacitors have unique electrochemical characteristics, such as high specific capacitance, high power density, rapid charge/discharge and a long cycle life. 6 Therefore, supercapacitors have important applications in the fields of vehicles, electronics and other fields requiring energy storage. 7 However, the problem of their low energy density has been widely reported, which seriously hinders their commercial, large-scale application. 5, 7 Transitionmetal-based electroactive materials including oxides, nitrides 8 and sulphides 9 have drawn great attention as potential electrode materials with high energy density. Transition metal sulfides, particularly those of molybdenum, have triggered intensive interest due to their better electrical conductivity and thermal stability than their corresponding metal oxides and hydroxides. 9 Molybdenum sulfide (MoS 2 ) is used in many industrial fields including electrochemical devices, hydrogen storage, catalysis and capacitors. It has a framework comparable to graphite, being composed of three atomic layers: a Mo layer sandwiched between two S layers, and the triple layers are linked by weak van der Waals forces. 10 The current study includes the synthesis of a derivative of MoS 2 , i.e. bimetallic sulfide ZnMoS 4 , using a solvothermal method and investigating it as a candidate supercapacitor electrode material. The Zn metal was selected to be incorporated into the MoS 2 matrix, because Zn ions enhance the electronic conductivity. 11 The synthesized ZnMoS 4 has been characterized for structural and surface morphological properties. Its supercapacitive performance has been examined in 6 M KOH using cyclic voltammetry (CV), galvanostatic charging/ discharging (GCD) and electrochemical impedance spectroscopy (EIS) techniques. Several characterization techniques have been adopted for studying the morphology and structural characteristics of the fabricated material. Elemental composition was identified by means of energy-dispersive spectroscopy (EDS) using a Philips XL30 detector (Holland). The material morphology was studied via high-resolution transmission electron microscopy (HR-TEM) using a JEOL JEM-2100 electron microscope (Japan), with an accelerated voltage of 200 keV, and the elemental mapping was performed using an Oxford EDS detection unit coupled to this microscope. The crystallographic characteristics of the synthesized material were examined via X-ray diffraction (XRD) using a PANalytical X'pert PRO diffractometer (with Cu Ka radiation). The N 2 gas adsorption/desorption behavior of the prepared material and its specific surface area were investigated using a Quantachrome NOVA Station A (version 11.03).
Materials and experiments

Electrochemical measurements
All electrochemical measurements performed for ZnMoS 4 have been carried out in a 6 M KOH solution (prepared by dissolving KOH pellets in deionized water) using a three-electrode cell configuration, including a working electrode, a reference electrode and a counter electrode. The working electrode was prepared using a homogenous slurry of the synthesized ZMS active material (70%), carbon black (20%) and poly(vinylidene difluoride) (10%) in N-methyl-pyrrolidone as a solvent. After continuous stirring for about 48 h at room temperature, the slurry was spread onto a Ni foam chip current collector and left to dry at 70 1C. A Pt coil was used as a counter electrode while the reference electrode was an Ag/AgCl electrode. The performance of the prepared ZnMoS 4 material as a supercapacitor electrode was investigated via cyclic voltammetry (CV), galvanostatic charging/discharging (GCD) and electrochemical impedance spectroscopy (EIS) by means of an electrochemical workstation (IM6e Zahner electrik, Kronach, Germany) driven by Thales software. CV measurements were performed within the potential window of 0.0-0.40 V at different scan rates (10-100 mV s
À1
) and the GCD measurements were carried out at different current densities (0.7-10 A g À1 ). The EIS measurements were performed within the frequency range from 10 kHz to 0.1 Hz at the steady-state open circuit potential with a sinusoidal perturbation amplitude of 10 mV. EIS parameters were derived using the EC-Lab V10.40 software. Fig. 1b shows TEM-EDS elemental mapping which further confirms the uniform distribution of Zn, Mo and S elements within the matrix of this ZMS material. Fig. 1c indicates the XRD pattern of the as-prepared ZMS sample which revealed that there are three main diffraction peaks at 28.491, 47.691, and 56.251 matching those of zinc tetrathiomolybdate reported previously in the literature. 12, 13 Fig . 2 shows the HR-TEM images of the as-synthesized ZMS material. The images reveal that our material has been successfully produced in the form of a sheet-like structure. Surface area and pore-size distribution are paramount parameters for energy storage materials, 5 which can be measured based on the N 2 adsorption/ desorption behavior using Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. 8 Fig. 3a shows the N 2 adsorption/desorption isotherm for the fabricated ZMS. This isotherm is of the Type IV characteristic of mesoporous materials.
Results and discussion
Material characterization
14 Moreover, the isotherm is characterized by its hysteresis loop associated with capillary condensation within the mesopores. The initial part shows that adsorption/desorption curves are coincident on each other referring to monolayer-multilayer adsorption. Such features confirm the mesoporous structure of our ZnMoS 4 material. Fig. 3b shows the pore-size distribution obtained for bimetallic ZMS which reveals an average pore diameter of 3.52 nm, demonstrating View Article Online that the ZnMoS 4 material has a mesoporous structure. 8 As for the BET surface area, it is 49.303 m 2 g À1 .
Supercapacitive performance
Many research works in the literature have reported on the supercapacitive performance of metal sulfides, however, most of their results showed a weak performance. ZnMoS 4 is the most promising material among all listed metal sulfides which may be attributed to the high conductivity provided by Zn. All electrochemical measurements have been undertaken in 6 M KOH using one compartment three-electrode cell assembly to scrutinize the performance of ZnMoS 4 as a potential candidate for a supercapacitor electrode material. The measurements included cyclic voltammetry (CV), galvanostatic charging discharging (GCD) and electrochemical impedance spectroscopy (EIS), all of which were performed at room temperature (25 1C) . CV is a common technique employed to study the reduction and oxidation processes associated with electroactive species and provides an effective means for categorizing the mode of charge storage. 20 Electrochemical double layer capacitive materials (carbon-based materials) usually show a rectangular CV shape, while batteries show distinct and widely separated peaks associated with the faradaic oxidation and reduction processes of metal centers involved in the material structure. 21 
In this mechanism, K + ions get intercalated within ZnMoS 4
sheets during the charging step, which mainly relies on the redox system Mo(VI)/Mo(V) (Mo 6+ + e 2 Mo 5+ ), because the Mo element can be interchangeable through several oxidation states, and the case is reversed during the discharging step. So, the obtained redox peaks may be attributable to subsequent oxidation/reduction of the central Mo metal in the sulfide structure. The obtained redox peaks are broad and distinct indicating a battery-like behavior associated with faradaic-like features. 8 The CV curves have been recorded as a function of the scan rate (u) within the range of 10 to 100 mV s À1 , where it was found that peak-to-peak separation (DE p-p ) increases with increasing scan rate. For example, when the scan rate increases from 10 to 100 mV s À1 , the anodic peak potential (E p,a ) is changed from 0.299 V to 0.330 V (vs. Ag/AgCl). Such an effect results from the insufficient access of ions from the electrolyte to the electrode surface at high scan rates and increased internal diffusion resistance, 22 while I p increases with u due to the fast interfacial kinetics. 23 It is worth mentioning that the similarity of both the anodic and cathodic profiles refers to the reversibility of the redox reactions associated with our ZMS active material. 8 In order to investigate the storage capability of the ZMS material for electrical energy, galvanostatic charge/discharge (GCD) measurement was performed to calculate the specific capacitance associated with it. The GCD technique is an accurate method often utilized to determine the electrochemical supercapacitive performance of electroactive materials. 24 The GCD output measurement is the chronopotentiometry (E vs. time) relationship, where a constant specific current is applied on the material and the potential response is recorded with time. For carbonaceous materials, constant-current charging/discharging results in a linear (E vs. t) plot for each anodic/cathodic curve (i.e. a triangular-shaped GCD curve). It is unlikely that the GCD curve for batteries becomes nonlinear which is characterized by the presence of plateaus of nearly constant potentials corresponding to the potentials at which the faradaic oxidation/reduction of the metal centers occurs 21 as shown in Fig. 4b which displays the GCD curves recorded for the ZMS material measured at different current densities from 0.7 A g À1 to 10 A g
À1
, which also indicates the features of battery-like behavior. 25 The ZMS electrode consumes longer times for both charging and discharging at lower current densities, which is attributed to the enhanced electrolyte/electrode interactions at low current densities. The specific capacitance is calculated at each current density using the discharging times obtained from GCD curves according to eqn (2): 23,26,27
where I is the applied current (A), m is the mass of active material (g) and DV is the potential window (V). Fig. 4c shows the dependence of the calculated specific capacitance on the applied current density. Surprisingly, although the current density has been changed from 0.7 A g À1 to 10 A g À1 , the specific capacitance slightly decreased from 280 F g À1 to 243 F g À1 , i.e. this material is capable of maintaining 86.79% of its initial capacitance. Such behavior indicates that the as-synthesized ZMS has an effective storage capacity with excellent rate capability. 28 In order to calculate the coulombic efficiency (Z%) of the charging/discharging process for ZMS, eqn (3) was applied using the charging and discharging times obtained from GCD measurements as follows:
where Q = It and I c = I d , Q c and Q d are, respectively, the amount of electrical charges stored in or released from the material, and t c and t d are the times of charging and discharging obtained at the same current density, respectively. Z% has its maximum value at intermediate current densities reaching 94.44% at 3 A g
, while it decreases at lower and higher current densities becoming 75% and 68.84% at 10 A g À1 and 0.7 A g
, respectively. It is a paramount requirement to test the cycling stability and durability of supercapacitor electrode materials to ensure their good performance, especially during long-term use. This test has been performed using cyclic voltammetry, 30 where the ZMS electrode was subjected to 1000 CV cycles at a scan rate of 50 mV s
. Fig. 5a shows 5 selected CV cycles (the 3rd, 50th, 100th, 500th and 1000th cycles) from the 1000 cycles applied on the ZMS electrode. Obviously, the area under the CV curves is increased by increasing the number of voltammograms. The specific capacitance was calculated from the applied CV measurement according to eqn (4).
31,32
where I is the response current (A), m is the mass of the active material (g), u is the scan rate (mV s
À1
) and DV is the potential window (V). Amazingly, the calculated specific capacitance (Fig. 5b ) was found to be continuously rising as long as the CV measurement proceeds. For example, the initially calculated C sp is 257 F g À1 , but it rises to 282 F g À1 after 1000 CV cycles. Such behavior can be explained on the basis that the ZMS material is continually activated during the course of charging/discharging due to successive oxidation/reduction processes that enhance the electrode/electrolyte interactions. Accordingly, the capacitance retention was found to rise continually, reaching B110% after 1000 CV cycles, and this behavior is likely to be attributed to the electrochemical activation of the ZMS electrode. 5 Electrode activation may have occurred due to the cleaning of its surface by the action of successive charging/discharging, and this assumption is supported by the enhanced electrolyte diffusion within the ZMS matrix as inferred from EIS measurements as will be explained below. Electrochemical impedance spectroscopy (EIS) was executed to deeply investigate the electrochemical performance of ZMS during long-term use. EIS is a useful technique that can provide valuable information for understanding electrode/electrolyte interactions.
22 Fig. 6a shows the EIS spectra of the ZMS electrode in the form of Nyquist plots before and after the cycling stability test within the frequency range from 10 000 Hz to 0.1 Hz. Each spectrum indicates a semi-straight line, but on zooming in on the high-frequency region (4200 Hz), one can note that there is a small part of a semi-circuit for each curve as shown in the inset of Fig. 6a . So, it is crucial to undertake a fitting process so as to obtain tangible outputs (numerical values) to easily describe the electrochemical behavior of the ZMS material. To achieve that, an equivalent electrical circuit was suggested (as depicted in Fig. 6b ) to simulate the electrochemical process across the electrode/ electrolyte interface. This model comprises a resistor (R 1 ) in series with a time constant (Q/(R 2 + W)).
Fig. 6b also displays the regions within the ZnMoS 4 electrode equivalent to each part of the suggested equivalent circuit, where R 1 represents the bulk resistance of the KOH electrolyte and (Q/(R 2 + W)) is a time constant equivalent to the KOH/ ZnMoS 4 interface and the ZnMoS 4 electrode bulk. Certainly, the resistance of the current collector (the Ni foam) is negligible as the resistance of metals is considered to be equal to zero in general. The element representing Warburg impedance was included in this model due to the obtained semi-straight part in the EIS spectra in the lowest-frequency region, which indicates that the electrochemical process associating ZnMoS 4 is diffusion-controlled. 10 , which may explain why the specific capacitance has increased after long-term use, i.e. due to the enhanced electrolyte diffusion within the electrode material.
Conclusions
In this work, the bimetallic sulfide ZnMoS 4 material was successfully synthesized in a sheet-like structure using a solvothermal method and assessed as a candidate for supercapacitor applications in 6 M KOH using CV, GCD and EIS measurements in a one compartment three-electrode cell configuration. Cyclic voltammograms displayed broad and distinct peaks attributed to the oxidation-reduction processes associated with the redox system Mo(VI)/Mo(V) in the fabricated ZMS material, indicating a battery-like behavior. GCD results confirmed such a behavior with a calculated specific capacitance of 280 F g À1 at a current density of 0.7 A g
À1
. A long-term CV-based test showed excellent cycling stability with a capacitance retention reaching B110% even after 1000 cycles. EIS measurements revealed that electrolyte diffusion was improved during the long-term cycling which could explain the excellent cycling stability of the ZMS electrode.
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